Abstract. The purpose of this study was to assess the utility of the isoflurane-anesthetized dog model for detecting the potential for QT interval prolongation by human pharmaceuticals. The effects of 10 positive compounds with torsadogenic potential, 8 negative compounds with little torsadogenic potential, and dl-sotalol as a common positive compound were evaluated in 5 facilities in accordance with the common protocol approved by QT PRODACT. Each test compound was cumulatively infused into male beagle dogs anesthetized with isoflurane. Surface lead II ECG, blood pressure, and plasma concentrations for the positive compounds were measured. Repeated administration of the vehicle examined in each facility before the start of the experiments resulted in a slight, but not significant, change in corrected QT (QTc) interval, indicating that this model only shows slight experimental variation. Although an inter-facility variability in the extent of dl-sotalol-induced QT interval prolongation was observed, dl-sotalol significantly prolonged QTc interval in all facilities. All positive compounds significantly prolonged QTc interval at plasma levels up to 10 times those in patients who developed prolonged QTc interval or TdP, whereas no negative compounds did so. These data suggest that the in vivo QT assay using the anesthetized dog is a useful model for detecting the potential for QT interval prolongation by human pharmaceuticals. Supplementary material (Appendix): available only at http://dx
Introduction
Several cardiovascular drugs, such as class Ia and class III antiarrhythmics, delay ventricular repolarization as part of their anticipated pharmacological action. On the other hand, a number of non-cardiovascular drugs, such as the antihistamines, antipsychotics, and antimicrobial agents, also cause undesirable delay of ventricular repolarization in clinical use. This delayed ventricular repolarization is almost always associated with blockage of the human ether-a-go-go-related gene (hERG) channel that is responsible for the rapidly activating component of the delayed rectifier K + current (I Kr ), and is reflected by delayed phase 3 of the cardiac action potential, which can be exposed by prolongation of QT interval in the electrocardiogram (ECG) (1, 2) . Over the past few years, there as been increasing interest in the potential of non-cardiovascular drugs to cause QT interval prolongation as this undesirable effect has been shown to increase the risk of malignant polymorphic ventricular tachyarrhythmia, known as torsade de pointes (TdP), which may cause syncope and degenerate into ventricular fibrillation and sudden death (3, 4) . Thus, the potentials of new chemical entities to induce QT interval prolongation, as a surrogate marker of lifethreatening arrhythmias such as TdP, should be detected as early as possible in the drug development process.
Recently, at the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH), the guidelines on non-clinical (ICH S7B) (5) and clinical (ICH E14) (6) evaluation of drugs potential for QT interval prolongation have been discussed. The ICH S7B guideline recommends the use of the in vitro I Kr assay and in vivo QT assay as primary non-clinical assays for evaluation of a new drug's potential for causing delayed ventricular repolarization (QT interval prolongation) (5) . In the in vivo QT assay, anesthetized dogs are commonly used to evaluate a drug's potential for causing QT interval prolongation and associated arrhythmias, although there are some confounding factors such as the drug's effects on QT interval may be affected by the anesthetic used (7) and its pharmacokinetics profile may be different between dogs and humans due to the limited application route in anesthetized dogs.
The present investigation was conducted as part of a project named "QT Interval Prolongation: Project for Database Construction" (QT PRODACT) that was organized by pharmaceutical companies belonging to Japan Pharmaceutical Manufacturers Association (JPMA) and contract laboratories belonging to the Japan Association of Contract Laboratories for Safety Evaluation (JACL). The purpose of this study was to evaluate in accordance with a common protocol approved by QT PRODACT the potential for QT interval prolongation by torsadogenic and non-torsadogenic drugs using isoflurane-anesthetized dogs and to assess the utility and limitations of this animal model for predicting the potentials of new chemical entities to induce QT interval prolongation in humans. In five different facilities, the effects of 18 test compounds belonging to various pharmacological classes were investigated: 10 positive compounds that have been reported to induce QT interval prolongation and associated ventricular arrhythmias such as TdP in clinical use (8 -10) and 8 negative compounds considered not to exert such effects. In addition to these drugs, dl-sotalol, a common positive compound, was also examined for its effects on QT interval in each facility in order to investigate inter-facility variability.
This study, which for the first time assesses the utility and limitations of an in vivo QT assay using anesthetized dogs, is not intended to evaluate the safety of each test compound in humans. The safety of each test compound in clinical use cannot be evaluated based only on the results obtained in this study and should be assessed by integrating non-clinical, clinical, and other relevant information.
Materials and Methods
Experiments using male beagle dogs (8 -17-monthold, 9.0 -15.5 kg) were carried out in five different facilities in accordance with the following common protocol approved by QT PRODACT. This protocol meets the criteria of the Committee for Experiments on Animals of each facility and the Guiding Principles for the Care and Use of Laboratory Animals approved by The Japanese Pharmacology Society.
In all facilities, animals (n = 3 -4) were fasted overnight prior to each experiment. The animals were anesthetized initially with intravenous administration of sodium thiopental (20 mg / kg, i.v.). After intubation of the animals with a cuffed endotracheal tube, 1% -3% isoflurane vaporized with oxygen and N 2 O (2:3) was inhaled with inhalation anesthesia equipment and a volume-limiting ventilator (the concentrations of isoflurane were not actual values and were scale values of the vaporizer). Tidal volume and respiratory rate were set at 20 mL / kg and 15 strokes / min, respectively. Animal rectal or intra-esophageal temperature was measured throughout the experiment. In all facilities except for one in which mean arterial blood pressure (MBP) was not measured, a catheter for measurement of MBP was inserted through the femoral artery and positioned in the abdominal aorta, and MBP was recorded throughout the experiment using a polygraph system connected to a personal computer (PC) installed with data analysis software. Surface lead II ECG was obtained from limb electrodes and ECG was recorded throughout the experiment using a polygraph system or an ECG recorder connected to a PC installed with data analysis software.
Test compounds, common positive compound, and vehicles
Ten positive compounds, eight negative compounds, and dl-sotalol, a common positive compound, were used in this study. These test compounds cover a broad range of therapeutic classes including antiarrhythmics (E-4031, MK-499, dl-propranolol, and quinidine); antihistaminics (astemizole, diphenhydramine, and terfenadine); antimicrobial agents (amoxicillin and ciprofloxacin); antipsychotics (haloperidol, pimozide, and thioridazine); antihypertensive/antianginal agents (bepridil, captopril, nifedipine, and verapamil); and a gastroprokinetic agent (cisapride) (also see Appendices 2-1 to 2-5 in the Supplemental Materials available with this article online). Diphenhydramine, MK-499, and nifedipine were dissolved in physiological saline, an aqueous solution with pH adjusted to 6.5 -7.5 using 0.1 N NaOH and 0.1 N HCl, and a solution containing ethanol (5%), propylene glycol (5%) and physiological saline (90%), respectively. The other compounds and dlsotalol were dissolved in 1% lactic acid solution. Each compound solution was freshly prepared immediately before the experiment and further diluted with the same vehicle.
Animals grouping and drugs administration
Three or four test compounds were assigned to each facility. Each test compound was cumulatively administered intravenously in a series of 3 escalating doses following vehicle administration except haloperidol for which only 2 doses were used. The tested doses for the positive compounds were based on our preliminary dose-finding studies or previous studies demonstrating the dose-dependent prolongation in QTc interval, and those for the negative compounds were based on the maximum soluble concentration in vehicle or a dose was selected to obtain a higher plasma concentration than the therapeutic plasma concentration in humans. Each dose of the test compound in a dosing volume of 2 mL/ kg was intravenously infused over 10 min at 30-min intervals.
Before the start of the experiments at each facility, and in order to evaluate the influence of vehicle repeated administration on QT interval, a 1% lactic acid solution was infused repeatedly 4 times to dogs in each facility and ECGs were recorded. In addition, the influence of vehicle solutions for diphenhydramine, MK-499, and nifedipine on QT interval were evaluated in the facility that tested these compounds.
In order to investigate the inter-facility variability, the effect of dl-sotalol on QT interval was examined at each facility. dl-Sotalol at a dose of 3 mg / kg was intravenously infused over 10 min following vehicle infusion. Background parameters such as body temperature, arterial blood gas partial pressure (PaO 2 , PaCO 2 ), pH, MBP, heart rate (HR), and ECG parameters were determined before the start of dl-sotalol infusion.
Data analysis
The HR, MBP, and ECG parameters were analyzed just before the start of vehicle infusion and at 5, 10, 15, 20, 25, and 30 min after the start of each infusion. The HR was calculated from the RR interval or determined using BP waveforms. The BP and ECG waveforms for at least 3 serial heart beats at exact assay points were selected to analyze HR, MBP, PR interval, QRS duration, and QT interval. Analysis of all selected ECG waveforms was performed manually on a PC display. The average value for the selected heart beats was defined as the value at each time point. QT interval was corrected for HR by Fridericia's formula (QTcF). Effects of repeated administration of the vehicle: The effects of four times repeated administration of the vehicle were evaluated in the same manner as those of the test compounds, that is to say, the average of all values for 30 min obtained from the first treatment with the vehicle was used as the VAB value, and mean percentage changes from VAB values were compared between the first treatment with the vehicle and each of the following vehicle treatments (i.e., 2nd, 3rd, or 4th vehicle treatment).
Inter-facility variability: The effect of dl-sotalol on QTcF interval was evaluated in all five facilities in the same manner as that of each test compound, and variability among the five facilities in maximum groupmean-difference in QTcF interval and background parameters (i.e., HR, MBP, QT interval, QTcF interval, PaO 2 , PaCO 2 , pH, and body temperature before the start of dl-sotalol infusion) was analyzed statistically.
Determination of plasma concentrations of test compounds
In the animals treated with the positive compounds, blood was collected from the cephalic vein with a heparinized syringe to determine plasma concentrations of each test compound at 10 min (C 10min ) and 25 min after the start of each infusion. Blood sampling was conducted immediately after the completion of ECG recording at each time point, and plasma samples were stored at approximately −80°C until they were used for concentration measurement. In the animals treated with the negative compounds, blood was collected from the cephalic vein with a heparinized syringe but discarded without measuring plasma concentrations of the drugs.
Plasma concentrations of the positive compounds were determined as follows: Astemizole, desmethylastemizole, and E-4031 concentrations were measured by high-performance liquid chromatography (HPLC). Bepridil was measured by liquid chromatography / tandem mass spectrometry (LC / MS/ MS). Cisapride was measured by modified methods of Campanero et al. (11), Park et al. (12), and Preechagoon and Charles (13) . Haloperidol was measured using a commercially available kit (MARKIT ® -G Haloperidol; Alfresa Pharma Corp., Osaka) and an autoanalyzer. MK-499 was measured by the method of liquid-liquid extraction followed by LC / MS. Quinidine was measured by fluorescence polarization immunoassay using a commercially available kit (TDX ® -Quinidine "ABBOTT"; Abbott Japan Co., Ltd, Tokyo) and the TDX Analyzer (Abbott Japan Co., Ltd.). Terfenadine was measured by modified methods of Xu et al. (14) and Adams et al. (15) 
Statistical analyses
Values of P<0.05 were regarded as statistically significant. Data analysis was performed using SAS software (Version 8.02; SAS Institute, Cary, NC, USA).
Effects of test compounds: Repeated measurement ANOVA with dose-escalation design was used for cardiovascular parameters. The Dunnett type multiple comparison test was used to compare between each dose of the compounds and the vehicle using the model variance. When a certain dose level was significant or the dose × time interaction was significant, the effects at the certain dose or all doses at each time point were analyzed by the t-test. In the case of no data at certain time points, statistical analysis was conducted without data from these time points.
Effects of repeated administration of the vehicle: The effects of four times repeated administration of the vehicle were analyzed statistically in the same manner as those of the test compounds. Specifically, repeated measurement ANOVA with dose-escalation design was used for cardiovascular parameters. The Dunnett type multiple comparison test was used to compare between groups that received the 2nd, 3rd, or 4th vehicle treatment and the group that received the first vehicle treatment using the model variance.
Inter-facility variability: The effect of dl-sotalol on QTcF interval at each facility was statistically analyzed as indicated below: Repeated measurement ANOVA with dose-escalation design was used for the QTcF interval. When the drug effect was significant or the drug × time interaction was significant, the drug effect at each time point was analyzed by the t-test.
Variability among the five facilities in maximum group-mean-differences of QTcF interval prolongation induced by dl-sotalol and in background parameters values (i.e., HR, MBP, QT interval, QTcF interval, PaSO 2 , PaCO 2 , pH, and body temperature before the start of dl-sotalol infusion) was statistically analyzed by one-way ANOVA.
Results

Influence of repeated administration of the vehicle on QTcF interval
Before the start of the experiments, the effects of four times repeated administration of 1% lactic acid solution on QTcF interval were examined in all facilities. In one facility (Facility code C), ECG parameters could not be analyzed in one dog in the 4th vehicle treatment because of contamination of the electromyogram. In all five facilities, four times repeated administration of 1% lactic acid solution did not affect the QTcF interval. Maximum group-meandifferences for prolongation of QTcF interval from the time-matched values obtained in the first administration of the vehicle ranged from −1% to 3% (Table 1) . Other vehicle solutions for diphenhydramine, MK-499, and nifedipine also had no effect on QTcF interval (data not shown).
Inter-facility variability
The QTcF interval prolongation rates induced by dlsotalol and background parameters obtained before dlsotalol infusion in all facilities are shown in Table 2 . In all facilities, dl-sotalol (3 mg / kg, i.v.) significantly prolonged QTcF interval. Maximum group-meandifferences from the time-matched vehicle values ranged from 16% to 47%. In two facilities (Facility code C and D), dl-sotalol induced ventricular premature contractions in one dog and so the ECG parameters in this dog could not be analyzed. There was a significant inter-facility variability not only in the extent of dlsotalol-induced QT interval prolongation but also in background parameters (i.e., HR, QT interval, QTcF interval, body temperature, PaO 2 , PaCO 2 , and pH) except for MBP.
Effects of test compounds
Summary of changes in QTcF interval: Changes in QTcF interval in response to infusion of the positive compounds as compared to infusion of vehicle and compounds' plasma concentrations (C 10min ) are summarized in Table 3 . The number of animals used in the calculation of maximum group-mean-difference at each dose is also shown in Table 3 . All positive compounds significantly prolonged QTcF interval by more than 10% of the maximum group-mean-difference in a dose-dependent manner. In addition, all positive compounds, for which plasma concentrations were determined, prolonged the QTcF interval in a plasma-concentration-dependent manner.
Changes in QTcF interval caused by the negative compounds as compared to treatment with the vehicle are summarized in Table 4 . No negative compound produced significant QTcF interval prolongation. The maximum group-mean-difference in QTcF interval prolongation induced by the negative compounds was less than 10%. 
Differences in percentage change in QTcF interval between the vehicle and sotalol treatments were calculated individually, and the difference values from 3 -4 dogs were averaged at each time point to obtain the group-mean-difference values. Each value represents means ± S.D. of 3 -4 dogs. Variability among the five facilities in each parameter was analyzed by one-way ANOVA. S: significant difference from the vehicle group, NT: not tested. Table 3 , Appendices 1-1 and 2-1): Astemizole at 3 mg / kg induced no significant effect on QT or QTcF interval, but it significantly prolonged QT and QTcF intervals at 10 and 30 mg / kg. Maximum group-mean-differences from the timematched vehicle values in QTcF interval at 3, 10, and 30 mg / kg were 1%, 9%, and 41%, respectively. Astemizole at the highest dose of 30 mg / kg significantly, but briefly, shortened QRS duration. Astemizole at the doses tested produced no effect on HR or PR interval. MBP was not measured in this experiment. Astemizole plasma concentrations 10 min after the start of drug infusion (C 10min ) at 3, 10, and 30 mg / kg were 17, 43, and 148 ng / mL, respectively. Bepridil (0.3, 1, and 3 mg /kg; Table 3 , Appendices 1-2 and 2-2): Bepridil at 0.3 mg / kg produced no significant effect on QT or QTcF interval, but it significantly prolonged QT and QTcF intervals at 1 and 3 mg / kg. Maximum group-mean-differences in QTcF interval at 0.3, 1, and 3 mg / kg were 5%, 14%, and 22%, respectively. Bepridil decreased HR in a dose-dependent manner, and although a statistically significant difference from the control was observed in MBP at the dose of 1 mg / kg, this difference was considered unrelated to the treatment with bepridil because it was not dosedependent. Bepridil at any of the doses tested produced no effect on PR interval or QRS duration. Bepridil plasma concentrations (C 10min ) at 0.3, 1, and 3 mg / kg were 241, 688, and 2011 ng / mL, respectively.
Cisapride (0.01, 0.1, and 1 mg /kg; Table 3 , Appendices 1-3 and 2-3): Cisapride at 0.1 mg / kg or less produced no significant effect on QT or QTcF interval, but cisapride at l mg / kg significantly prolonged QT and QTcF intervals. Maximum group-mean-differences in QTcF interval at 0.01, 0.1, and 1 mg / kg were 3%, 7%, and 28%, respectively. Cisapride at 1 mg / kg, at 0.1 and 1 mg/ kg, and at 0.01, 0.1, and 1 mg / kg significantly decreased MBP, HR, and PR interval, respectively. However, cisapride at any of the doses tested had no effect on QRS duration. Cisapride plasma concentrations (C 10min ) at 0.01, 0.1, and 1 mg / kg were less than 20, 106, and 1193 ng / mL, respectively. E-4031 (0.5, 1.5, and 5 µg/kg, Table 3 , Appendices 1-4 and 2-1): E-4031 at 0.5 µg/ kg produced no significant effect on QT or QTcF interval, but it significantly prolonged QT interval at 1.5 µg / kg and both QTcF interval and QT interval at 5 µg / kg. Maximum groupmean-differences in QTcF interval at 0.5, 1.5, and 5 µg / kg were 1%, 4%, and 25%, respectively. E-4031 decreased HR in a dose-dependent manner, but had no effect on PR interval or QRS duration at any of the doses tested. The MBP was not measured in this experiment. E-4031 plasma concentrations (C 10min ) were 5 ng / mL at 5 µg/ kg and less than 5 ng / mL at 1.5 µg / kg and below.
Haloperidol (0.3 and 1 mg /kg; Table 3 , Appendices 1-5 and 2-4): Since haloperidol at 1 mg / kg induced ventricular premature contractions or ventricular fibrillations, ECG parameters could not be analyzed from 10 to 20 min after the start of drug infusion in two dogs and at 25 min in all dogs and the highest scheduled dose of 3 mg/ kg could not be tested. Haloperidol at 0.3 and 1 mg/ kg significantly prolonged QT and QTcF intervals. Maximum group-mean-differences in QTcF interval at 0.3 and 1 mg / kg were 19% and 42%, respectively. Haloperidol at 1 mg / kg decreased MBP, but had no effect on HR, PR interval, or QRS duration at any of the doses tested. Haloperidol plasma concentrations (C 10min ) were 68 ng / mL at 0.3 mg / kg, and they were 379 ng / mL in 4 dogs and 448 ng / mL in 2 dogs analyzed for ECG parameters at 1 mg / kg.
MK-499 (0.003, 0.01, and 0.03 mg / kg; Table 3 , Appendices 1-6 and 2-5): Since MK-499 at 0.03 mg / kg induced arrhythmia in one dog, ECG parameters for that dog could not be analyzed at any time point. MK-499 significantly prolonged QT interval at 0.003 mg / kg, and it prolonged both QTcF interval and QT interval at 0.01 and 0.03 mg / kg. Maximum group-mean-differences in QTcF interval at 0.003, 0.01, and 0.03 mg / kg were 10%, 33%, and 40%, respectively. MK-499 decreased HR and MBP in a dose-dependent manner, but had no effect on PR interval or QRS duration at any of the doses tested. MK-499 plasma concentrations (C 10min ) at 0.003, 0.01, and 0.03 mg / kg were 3, 11, and 38 ng/ mL, respectively. However, the MK-499 (0.03 mg/ kg) plasma concentration (C 10min ) in 3 dogs analyzed for ECG parameters was 42 ng / mL at 0.03 mg / kg.
Pimozide (0.01, 0.06, and 0.30 mg/ kg; Table 3 , Appendices 1-7 and 2-2): Pimozide at 0.01 mg / kg had no significant effect on QT or QTcF interval, but it significantly prolonged QT interval at 0.06 mg / kg and both QTcF interval and QT interval at 0.3 mg / kg. Maximum group-mean-differences in QTcF interval at 0.01, 0.06, and 0.3 mg / kg were 4%, 7%, and 18%, respectively. Pimozide decreased HR in a dose-dependent manner, but had no effect on MBP, PR interval, or QRS duration at any of the doses tested.
Quinidine (0.3, 1, and 3 mg /kg; Table 3 , Appendices 1-8 and 2-3): Quinidine at all the doses tested significantly prolonged QT and QTcF intervals in a dosedependent manner. Maximum group-mean-differences in QTcF interval at 0.3, 1, and 3 mg / kg were 4%, 9%, and 19%, respectively. On the other hand, in a dosefinding study, in which three doses of 0.3, 3, and 10 mg / kg quinidine were cumulatively administered intravenously to one dog over 10 min at 20-min intervals, quinidine at 0.3 and 3 mg / kg induced dosedependent prolongation of QTcF interval and at 10 mg / kg, it caused no prolongation of the QTcF interval. Quinidine at 1 and 3 mg / kg dose-dependently decreased MBP and HR and significantly increased QRS duration. Quinidine had no effect on PR interval at any of the doses tested. Quinidine plasma concentrations (C 10min ) at 0.3, 1, and 3 mg / kg were 150, 1350, and 3500 ng / mL, respectively.
Terfenadine (0.3, 1, and 3 mg /kg; Table 3 , Appendices 1-9 and 2-4): Terfenadine at 0.3 mg / kg produced no effect on QT or QTcF interval, but at 1 and 3 mg / kg, it significantly prolonged QT and QTcF intervals.
Maximum group-mean-differences in QTcF interval at 0.3, 1, and 3 mg / kg were 3%, 11%, and 14%, respectively. Terfenadine at all the doses tested increased MBP and HR and shortened PR interval. A significant but brief increase in QRS duration was also observed with terfenadine at 3 mg / kg. Terfenadine plasma concentrations (C 10min ) at 0.3, 1, and 3 mg / kg were 163, 456, and 1177 ng/ mL, respectively.
Thioridazine (0.3, 1, and 3 mg / kg; Table 3 , Appendices 1-10 and 2-2): Thioridazine at all the doses tested significantly prolonged QTcF interval in a dose-dependent manner, and it significantly increased QT interval at 1 and 3 mg / kg. Maximum group-mean-differences in QTcF interval at 0.3, 1, and 3 mg / kg were 4%, 10%, and 17%, respectively. Thioridazine at all the doses tested significantly decreased MBP, although this decrease was not dose-dependent. At 3 mg/ kg, thioridazine shortened PR interval but had no effect on HR. Thioridazine plasma concentrations (C 10min ) at 0.3, 1, and 3 mg / kg were 189, 586, and 1350 ng / mL, respectively.
Effects of the negative compounds on HR, MBP, and ECG parameters: Amoxicillin (2, 5, and 15 mg / kg; Table 4 , Appendices 1-11 and 2-3): Amoxicillin significantly shortened QT interval at 2 mg / kg and significantly shortened both QTcF interval and QT interval at 5 and 15 mg / kg. Although amoxicillin significantly shortened QTcF interval at 5 and 15 mg / kg, this effect was considered to be unrelated to treatment with amoxicillin as it was brief and not dose-dependent. Maximum group-mean-differences in QTcF interval at 2, 5, and 15 mg / kg were −1%, −1%, and −1%, respectively. Amoxicillin shortened PR interval and increased HR at 5 mg / kg and more, but had no effect on MBP or QRS duration at any of the doses tested.
Aspirin (1, 3, and 10 mg /kg; Table 4 , Appendices 1-12 and 2-3): Aspirin had no effect on QTcF interval at any of the doses tested, and the maximum group-meandifferences at 1, 3, and 10 mg / kg were 0%, −1%, and −2%, respectively. Aspirin shortened QT interval and increased HR at 10 mg / kg, but had no effect on MBP, PR interval, or QRS duration at any of the doses tested.
Captopril (0.3, 1, and 3 mg /kg; Table 4 , Appendices 1-13 and 2-4): Captopril at all the doses tested had no effect on QT interval, QTcF interval, or any other parameter. Maximum group-mean-differences in QTcF interval prolongation at 0.3, 1, and 3 mg / kg were 3%, 4%, and 4%, respectively.
Ciprofloxacin (1, 3, and 10 mg /kg; Table 4 , Appendices 1-14 and 2-1): Ciprofloxacin had no effect on QTcF interval at any of the doses tested, and the maximum group-mean-differences at 1, 3, and 10 mg / kg were 0%, 1%, and 4%, respectively. Ciprofloxacin at 3 mg/ kg and more shortened PR and QT intervals and slightly or significantly increased HR. However, ciprofloxacin had no effect on QRS duration at any of the doses tested. The MBP was not measured in this experiment.
Diphenhydramine (1, 3, and 10 mg /kg; Table 4 , Appendices 1-15 and 2-5): Diphenhydramine had no effect on QT or QTcF interval at any of the doses tested, and the maximum group-mean-differences in QTcF interval at 1, 3, and 10 mg / kg were 4%, 8%, and 5%, respectively. Diphenhydramine increased MBP at 3 mg / kg, but decreased it at 10 mg / kg. No effect on HR, PR interval, or QRS duration was observed with diphenhydramine at any of the doses tested.
Nifedipine (0.01, 0.03, and 0.1 mg /kg; Table 4 , Appendices 1-16 and 2-5): Nifedipine at 0.03 and 0.1 mg / kg significantly shortened QT and QTcF intervals in a dose-dependent manner. Maximum groupmean-differences in QTcF interval at 0.01, 0.03, and 0.1 mg / kg were 1%, −2%, and −5%, respectively. Nifedipine increased HR at 0.1 mg / kg. Although MBP slightly decreased following administration of nifedipine, this decrease was not statistically significant. Nifedipine at any of the doses tested had no effect on PR interval or QRS duration.
dl-Propranolol (0.3, 1, and 3 mg /kg; Table 4 , Appendices 1-17 and 2-4): dl-Propranolol had no effect on QT or QTcF interval at any of the doses tested; and the maximum group-mean-differences in QTcF interval at 0.3, 1, and 3 mg / kg were 1%, 1%, and −1%, respectively. dl-Propranolol at 3 mg / kg decreased MBP and increased QRS, but had no effect on HR or PR interval at any of the doses tested.
Verapamil (0.03, 0.1, and 0.3 mg /kg; Table 4 , Appendices 1-18 and 2-1): Verapamil at 0.1 and 0.3 mg / kg significantly shortened QTcF interval in a dose-dependent manner. Maximum group-mean-differences at 0.03, 0.1, and 0.3 mg / kg were 0%, −1%, and −4%, respectively. Verapamil shortened QT interval and increased HR at all the doses tested. Although PR interval slightly increased following treatment with verapamil at 0.3 mg / kg, this increase was not statistically significant. No effect of verapamil on QRS duration was observed at any of the doses tested. The MBP was not measured in this experiment.
Discussion
Although most studies on drug-induced QT interval prolongation use various anesthetized animal models under different experimental conditions, that is, anesthesia conditions, anesthetic, animal gender, and animal age, it is still difficult to select standard criteria for anesthetized animal models when assessing a drug's potential for QT interval prolongation. In this study, we investigated the utility and limitations of isofluraneanesthetized dogs as an animal model for predicting the potentials of new drugs to induce QT interval prolongation in humans. The present study examined the potentials of 18 known drugs (torsadogenic and nontorsadogenic) to cause QT interval prolongation in isoflurane-anesthetized dogs. Our results suggest that the in vivo QT assay with isoflurane-anesthetized dogs is useful model for predicting the potential for QT interval prolongation by human pharmaceuticals.
Influence of repeated administration of the vehicle
In all facilities, repeated administration of the vehicle had no significant effect on the QTcF interval. In addition, maximum group-mean-differences for QTcF interval prolongation from the time-matched 1st vehicle values were less than 3%. Thus, the QTcF interval experimental variation in the anesthetized dog model is expected to be up to 3%.
Inter-facility variability
In all facilities, dl-sotalol at the intravenous dose of 3 mg/ kg produced significant prolongation of the QTcF interval. Thus, it was confirmed that all experiments performed in the five different facilities were sensitive enough to detect QT-prolonging effects. On the other hand, there was an inter-facility variability in the extent of QTcF interval prolongation induced by dl-sotalol. Since there was an inter-facility variability in background parameters, such as HR, QT interval, QTcF interval, body temperature, PaO 2 , PaCO 2 , and pH, it is difficult to determine which parameter is more important for determining the extent of QTcF interval prolongation. However, it is possible that large differences in the extent of QTcF interval prolongation result from differences in various background parameters. As most of experiments were conducted under the condition of respiratory alkalosis in this study, the condition may enhance the rate of QT interval prolongation. Thus, as background parameters are influenced by anesthetic conditions, it is considered that all experiments need to be conducted under anesthetic conditions that are as similar as possible in order to compare drugs' potencies to induce QT interval prolongation
In any case, it is considered that our anesthetized dog model can be used to detect the QT-prolonging effects of test compounds with no problems because no changes in QTcF interval with repeated vehicle treatments and significant QTcF interval prolongation with dl-sotalol treatments were observed at all facilities.
Effects of test compounds
As summarized in Table 3 , all positive compounds significantly prolonged QTcF interval in a dose-dependent manner. On the other hand, no negative compound produced significant QTcF interval prolongation, although the maximum plasma concentrations of the negative compounds were thought to be higher than or comparable to the effective therapeutic concentrations of these drugs in humans or dogs (19 -28) . From these findings, it is assumed that the in vivo QT assay with anesthetized dog is sensitive and specific for detecting the effects of drugs on the QT interval.
Although quinidine at the tested doses of 0.3, 1, and 3 mg/ kg dose-dependently prolonged QTcF interval, in a dose-finding study, quinidine at 0.3 and 3 mg / kg dosedependently prolonged the QTcF interval, but 10 mg / kg did not prolong it. This discrepancy in the effect of quinidine on QTcF interval is probably due to quinidine's sodium-and calcium-channel-blocking effects (29 -30) . The bell-shaped dose-response relationship obtained with quinidine was also observed in the action potential study reported by Hayashi et al. (31) where quinidine showed a bell-shaped concentration-response relationship for APD 90 in isolated guinea-pig papillary muscles. Since a bell-shaped dose-response relationship may lead to a false-negative result, the dose of a test compound must be carefully selected when the compound has mixed ion-channel-blocking effects.
Nifedipine and verapamil dose-dependently shortened the QTcF interval, decreased MBP, and increased HR. These results are considered to be related to these drugs' calcium-channel-blocking effects and / or their effects on the autonomic tone through its hypotensive effects.
Astemizole at the highest dose of 30 mg / kg significantly, but briefly, shortened QRS duration. Hayashi et al. (31) have reported that astemizole at 10 µmol / L decreases V max at the high stimulation frequency of 2.5 Hz, perhaps due to the sodium current blockage suggested by Adamantidis et al. (32) . This sodium channel blockage is considered to lead to an increase in QRS duration. Therefore, the reason for astemizoleinduced shortening of QRS duration in our study is unclear.
Terfenadine at the highest dose of 3 mg / kg produced a significant increase in QRS duration in addition to QT interval prolongation, which was considered to be related to its sodium-channel-blocking effect (33) . In halothane-anesthetized dogs, terfenadine at the intravenous dose of 3 mg / kg has been shown to prolong QT interval with no significant effect on QRS duration (34) . The reason for this discrepancy is unknown, but it is possible that different anesthetic conditions influence the effect of terfenadine on QRS duration. In fact, terfenadine also had different effects on HR and MBP in halothane-anesthetized dogs; i.e., terfenadine decreased HR and MBP in our study, but increased these parameters in halothane-anesthetized dogs.
Quinidine increased QRS duration in a dose-dependent manner probably due to its sodium-channel-blocking effect (29 -30) . The effect of quinidine observed in the present study is consistent with that reported in a previous study (35) . From the findings above, it is clear that the use of isoflurane-anesthetized dogs allows the simultaneous evaluation of the effects of test compounds on both the QT interval and QRS duration.
Plasma concentration-response relationship E-4031, MK-499, and quinidine, which are class Ia or class III antiarrhythmics, prolonged QTcF interval at approximately their therapeutic plasma concentrations in humans (9, 10, 36, 37) . For the other positive noncardiovascular drugs, except for terfenadine, the plasma concentrations that increased QTcF interval were comparable to those in patients with prolonged QTc interval or TdP (38 -47) and were up to 20-fold C max in humans given the therapeutic doses (42, 44, 45, 48, 49) . Although the plasma concentration of pimozide was not determined in the present study, the plasma pimozide concentration achieved in the present study was likely greater than the concentration required to induce QTc interval prolongation or TdP in humans because the highest dose used in this study was greater than 0.093 mg / kg, the dose at which pimozide has been reported to prolong QTc interval in patients (50) .
Terfenadine plasma concentrations that induced QTcF prolongation were higher than those in patients with TdP (51) and were approximately 50-fold C max in humans given the therapeutic doses (51, 52) . Although terfenadine plasma concentration at the lowest dose of 0.3 mg / kg was 3 times higher than that in patients with TdP, it did not significantly prolong QTcF interval. In a previous study (34) using halothane-anesthetized beagle dogs that was essentially similar to ours, no significant prolongation of QTc interval was observed with terfenadine at 0.3 mg / kg, i.v. (C max ; 0.66 µg/ mL) in spite of higher plasma concentration than that in patients with TdP. These findings are in agreement with our results. It has been demonstrated that the drug concentration in the ventricles is responsible for changes in QTc interval (53) . Therefore, the reason why terfenadine did not produce QT interval prolongation in spite of its high plasma concentration as compared to the plasma concentration in patients with TdP may be due to the fact that terfenadine concentration in the ventricles is much lower than that in plasma. It has been reported that the concentration of terfenadine in the left ventricle of isolated rabbit Langendorff hearts increases to approximately 250-fold after a 3-h period of terfenadine perfusion (54) . Thus, it is suggested that terfenadine distribution from the blood stream to myocardial cells takes time. In fact, in the present study, maximal prolongation rates of QTcF interval induced by terfenadine were observed at 25 min but not at 10 min after drug infusion, even though its plasma concentration at 25 min was much lower than that at 10 min. It is, therefore, possible that the limited observation time of 30 min is not long enough for terfenadine to accumulate in myocardial cells.
All the positive compounds, except for pimozide for which plasma concentration was not determined, plasma-concentration-dependently prolonged the QTcF interval. It is, therefore, considered that all drugs with QT-interval-prolonging potential in humans prolong QTcF interval in our anesthetized dog model when their plasma concentrations are sufficiently high as compared with C max in humans given the therapeutic doses.
Criteria for identifying the potential of a test compound to prolong QTc interval
In the present study, all the positive compounds, which were selected on the basis of their heterogeneous chemical structures and pharmacological properties to represent a wide class of torsadogenic compounds in humans, significantly and concentration-dependently prolonged QTcF interval, whereas changes in QTcF interval induced by all negative compounds selected from a variety pharmacological classes were not significant. These results indicate that all drugs with torsadogenic profile in humans induce significant QTcF prolongation in isoflurane-anesthetized dogs when their plasma concentrations are sufficiently high and that all drugs with little or no torsadogenic effect produce no significant change in QTcF interval in the anesthetized dog. It is, therefore, considered that the torsadogenicity of drugs or NCE can statistically be detected in the anesthetized dog model when appropriate doses are selected.
Utility and limitation of the in vivo QT assay in anesthetized dogs
In the present study, which was conducted at 5 facilities in accordance with a common protocol used routinely for safety pharmacology studies, all positive compounds significantly prolonged the QTcF interval, while no negative compound had any significant influence on the QTcF interval. Thus, the in vivo QT assay in anesthetized dogs is considered to be a sensitive, specific, and therefore useful model for predicting the potentials of new drugs to induce QT interval prolongation in humans. However, this assay has several limitations including the following: 1) Compounds with very low solubility cannot be evaluated using this assay due to the restricted application route; 2) The effects of active metabolites cannot be evaluated simultaneously with the parent compound in the same experiment. This can be illustrated by the astemizole experiment where the effects of desmethylastemizole, a metabolite of astemizole that is an equipotent I Kr inhibitor (55) and considered to play an important role in the development of the cardiac adverse effect of astemizole in humans, on QTcF interval could not be evaluated because its plasma concentrations were below the limit of quantitation throughout the experiment; 3) The fact that compounds with low permeability and / or slow accumulation in cardiac cells may induce false-negative results in spite of their high plasma concentrations should be taken into consideration as seen in the case of treatment with terfenadine at 0.3 mg / kg; and 4) It should be confirmed prior to drug evaluation that a positive reference compound produces a positive result under the anesthetic conditions since most of the positive results in this study are considered to be obtained under the condition of respiratory alkalosis, which may enhance the rate of QT interval prolongation; moreover, the drug evaluations need to be conducted under the same or as similar as possible anesthetic conditions since the extent of QTcF interval prolongation would be influenced by the anesthetic conditions.
All positive compounds significantly prolonged QTcF interval at plasma levels up to 10 times those in patients who developed prolonged QTc interval or TdP, whereas no negative compound had any significant influence on QTcF interval. These data suggest that the in vivo QT assay using the anesthetized dog is a useful model for detecting the potential for QT interval prolongation in human pharmaceuticals.
